Background Gene therapy has the potential to reverse disease or prevent further deterioration of vision in patients with incurable inherited retinal degeneration. We therefore did a phase 1 trial to assess the eff ect of gene therapy on retinal and visual function in children and adults with Leber's congenital amaurosis.
Introduction
One of the most severe forms of inherited retinal degeneration is Leber's congenital amaurosis, which is a group of diseases that are caused by mutations in any of 13 genes. Patients with Leber's congenital amaurosis have severe loss of vision and abnormal eye movements (nystagmus) in early infancy and childhood. Diminished pupillary light refl exes and fl at or nearly undetectable responses during electroretinography confi rm the clinical diagnosis. [1] [2] [3] [4] Type 2 Leber's congenital amaurosis, caused by mutations in a gene that encodes a protein needed for the isomerohydrolase activity of the retinal pigment epithelium (RPE65), accounts for about 6% of cases. 5 There is no treatment for Leber's congenital amaurosis and severe visual impairment during childhood usually progresses to total blindness by the third or fourth decade of life. 4 Clues for how to treat type 2 disease came from studies in which mutations in RPE65 resulted in substantially diminished amounts of 11-cis retinal. [6] [7] [8] [9] Replication-defi cient adeno-associated virus (AAV)-mediated delivery of the wildtype RPE65 cDNA to the RPE in animal models of Leber's congenital amaurosis resulted in rapid development of retinal and visual function through the enzyme-mediated generation of 11-cis retinal. 10 Further more, the success rate for recovery and magnitude of improvement was related to the age at treatment, with best results obtained in young animals before widespread cellular degene ration. 11, 12 This result and additional fi ndings for safety and effi cacy 13 provided the basis for a phase 1 trial of gene augmentation therapy in individuals with RPE65-associated Leber's congenital amaurosis, and for the inclusion of children who might get the most benefi t from the intervention.
14 AAVmediated RPE65 therapy in young adults [15] [16] [17] [18] [19] [20] resulted in most individuals reporting a perception of increased brightness in the injected eye after treatment, as judged with various methods, including dark adaptometry, perimetry, and pupillary light refl exes. [15] [16] [17] [18] Two individuals in two studies 15, 16 showed improvements in ambulation. Signifi cant improvements in visual acuity in all three individuals were reported in one study.
Philadelphia (CHOP, PA, USA) with the aim to assess the safety and effi cacy of AAV2-hRPE65v2. 15 We also assessed the role of an individual's age (or stage of disease progression) on the extent of reversal of blindness.
Methods

Patients
Inclusion and exclusion criteria for patients are reported by Maguire and colleagues. 15 12 patients (aged 8-44 years) with RPE65-associated Leber's congenital amaurosis were enrolled and consecutively treated, with an interval of at least 6 weeks between individuals (table). All surgery was done at CHOP and follow-up tests were done at CHOP or Seconda Università degli Studi di Napoli (Naples, Italy) for the Italian patients (webappendix pp 1-2 and 6-8 
Vector and surgical delivery
The transgene cassette in the AAV2-hRPE65v2 vector had a chicken β-actin promoter for expression of the human RPE65 cDNA with an optimised Kozak sequence. 21 The Center for Cellular and Molecular Therapeutics at CHOP manufactured the vector using good manufacturing practices (webappendix p 2). 13, 15 For each patient, we selected the eye with the worst function for treatment with AAV2-hRPE65v2. 13, 15 We did a standard three-port pars plana vitrectomy, with removal of the posterior cortical vitreous, as described by Maguire and colleagues. 15 Patients in the low-dose cohort were injected with 1·5×10¹⁰ vector genomes (1·0×10⁸ per μL) and those in the medium-dose with 4·8×10¹⁰ vector genomes (3·2×10⁸ per μL) of AAV2-hRPE65v2 in a volume of 150 μL into the subretinal space (table) . Patients in the high-dose cohort were injected with 1·5×10¹¹ vector genomes (5·0×10⁸ per μL) in 300 μL (table) after the focal area was buttressed from hydrodynamic stress during injection with perfl uorooctane liquid (Perfl uoron, Alcon, Fort Worth, TX, USA), which is heavier than water. The liquid was aspirated after the AAV2-hRPE65v2 had been delivered.
Assessment of safety and effi cacy
Patients were assessed before and at designated timepoints after surgery as described (webappendix p 6-8). 13, 15 For each individual, effi cacy was monitored with objective and subjective measurements of the changes in vision. 15 The response duration was measured from 3 months to 2 years. Additional details are provided in the webappendix (pp [1] [2] [3] [4] [5] [6] [7] [8] .
The study is registered with ClinicalTrials.gov, number NCT00516477.
Role of the funding source
The main sponsor of the study and personnel working for the sponsor were involved in study design, data gathering, analysis, and interpretations, and writing of the report. None of the other funding sources had any direct role with respect to the design or execution of the study, data gathering, analysis, interpretation, or writing of the report. The corresponding author had full access to all data throughout the study and had fi nal responsibility for submission for publication.
Results
Maguire and colleagues 15 have described the short-term results from the fi rst three patients (NP01, NP02, and NP03 in the low-dose cohort). The vector was injected into the macula in nine patients, but not in three patients (NP01, 15 CH12, CH13) with substantial atrophy in this region. About half the macula was exposed in patient NP15 (fi gure 1). An epiretinal membrane that was noted during baseline studies in the injected eye of patient CH10 was removed before injection. A foveal dehiscence was noted at the time of injection in this individual as some of the vector escaped from the foveal defect, reducing the total volume in the subretinal space by about 70% and resulting in the exposure of a third of the macula (fi gure 1).
All of the retinal detachments had resolved by the next assessment (within 14 h after surgery); and foveal abnormalities were noted in only one patient (NP02), as noted previously, 15 with optical coherence tomography. The foveal dehiscence in patient CH10 had completely resolved with no evidence of a macular hole after surgery at the fi rst assessment with optical coherence tomography on day 8 (webappendix p 22). With the exception of pigment atrophy at the lower border of the original detachment site in patient NP15, all the other postoperative retinal assessments were unremarkable.
None of the patients had serious adverse events, and the vector was found in samples of tears and blood only transiently after surgery (webappendix pp 9-10). Exposure to subretinal AAV at the doses used did not lead to a harmful immune response (webappendix p 11-16).
All 12 individuals reported improved vision in dimly lit environments in the injected eyes starting 2 weeks after surgery. Improvements in visual acuity were substantial and stable in the three patients given the vector at a low For additional details about the study see http://www. webconferences.com/ nihoba/13_dec_2005.html dose, 15, 20 three given the middle dose (NP04, CH10, and CH11), and one administered the high dose (NP15). Visual acuity worsened in one patient (CH06; fi gure 2; webappendix p 18 and pp [23] [24] . For the other individuals, no substantial gains or losses in visual acuity were noted in the injected or non-injected eyes (webappendix pp [23] [24] . The improvement was not associated with age; however the baseline visual acuity was higher in children than in adults (p=0·04; webappendix p 17).
There was no clearcut dose eff ect with respect to improvements in visual acuity in the injected or noninjected eyes. Figure 2B shows that, with the exception of CH06, visual acuities improved or remained stable. Although the visual acuity of the injected eye in patient CH08 might have worsened at the most recent visits, further results will be needed from tests done on the designated days (webappendix pp 6-8) to fi nd out whether this change is signifi cant.
We noted an improvement in the visual fi eld of all 12 patients (fi gure 1). Although visual-fi eld tests in patients with severe impairment show substantial variability, 22, 23 the enlargements exceeded the variation in the contralateral non-injected eye (fi gure 1).
The extent of improvement in visual fi elds in the injected eyes correlated with the amount of salvageable retina that was targeted, eff ects of immediate postoperative head-positioning on the borders of the detachment, and map of the visual fi eld at baseline (fi gure 1). For example, the visual fi elds improved substantially in patients CH08, CH09, and CH10, given injections to regions that had initially had restricted function but had viable retina as noted with ophthalmoscopy and optical coherence tomography. Further, if the injection covered regions of healthy retina that had previously had scotomas, the visual fi eld increased as the scotomas were obliterated (eg, CH11; fi gure 1). Nevertheless, the postinjection visual fi elds often expanded in regions larger than the region targeted during surgery (eg, CH10, NP15; fi gure 1). Although the volume injected was larger (300 μL vs 150 μL), covering a large part of the retina, the fi elds did not improve as much in older individuals (>19 years-eg, patients CH12 and CH13) as they did in younger individuals (≤19 yearseg, patients CH08, CH09, and NP15). This diff erence is probably caused by the loss of viable photoreceptors with advanced disease in older individuals.
Most individuals given middle and high doses were tested for full-fi eld sensitivity to white light before and after injection; NP04 and NP15 were not tested because the equipment was not available. All individuals had bilaterally diminished full-fi eld sensitivity at baseline. After injection, a large interocular diff erence (ie, diff erence in sensitivity between injected and noninjected eyes) in full-fi eld sensitivity was noted in fi ve (CH08, CH09, CH10, CH11, and CH13) of seven individuals when we used stringent criteria to assess the response (3 SDs from the average of the interocular diff erence in normal-sighted individuals; fi gure 2C). Only the injected eyes showed improved sensitivity (fi gure 2C). Improvements in full-fi eld sensitivity were especially noteworthy in the youngest patients, who gained several log units of sensitivity.
Pupillary responses improved in the injected eyes of all 11 individuals tested. Figure 3 shows the representative responses from patients given the middle and high doses of AAV2-hRPE65v2 (including children and an adult). The pupil diameter (for the largest of the two pupils) immediately before the fi rst exposure to light for patient CH08 was 8·6 mm at baseline, 7·8 mm at day 14, 8·55 mm at day 365; CH10, 8·0 mm at baseline, 9·1 mm at day 270; CH13, 7·8 mm at baseline, 5·6 mm at day 60, 5·6 mm at day 90; and NP15, 8·0 mm at baseline, and 8·3 mm at day 7. Improved responses were detectable as early as day 7 after injection (in patient NP15) and were present even in the eye that was not injected with the entire subretinal dose because the patient (CH10) had a foveal dehiscence. When the injected eye was illuminated with light, both pupils constricted; when the control, non-injected eye was illuminated with light, minimum Baseline tests showed that the pupillary light responses in individuals with type 2 Leber's congenital amaurosis were much less sensitive than those reported in unaff ected individuals (controls; fi gure 3). Baseline responses to a dim stimulus (<0·04 lux) after a 40-min dark adaptation in patients given low, middle, and high doses of the vector were negligible (fi gure 3).
The responsiveness to light of the injected eye was consistently greater than that of the contralateral noninjected eye in patients after injection of AAV2-hRPE65v2. For CH08, for example (fi gure 3A), when a dim stimulus (0·04 lux for 200 ms) was initially delivered to the injected eye at baseline, minimum response was noted in either eye. After injection, the eye responded vigorously. Repetition of the pattern of the relative aff erent pupillary defect was noted with successive alternating fl ashes up to the latest timepoint (eg, from day 14 and to day 365 for CH08, day 270 for CH10, and day 90 for CH13 (fi gure 3A), showing that the pupillary light responses were happening in the injected eye, while the non-injected eye remained defective.
Signifi cant diff erences were noted in amplitudes and velocities between the injected eyes versus non-treated eyes in most individuals; the exception was patient CH11 (webappendix p 19). The diff erences persisted throughout the follow-up with diff erent intensities of light. Although, little diff erence was noted in response between patient NP04's injected and non-injected eyes, stimulation with light at 0·04 lux resulted in a signifi cant diff erence in velocity between the injected and control eyes (p=0·003; webappendix p 19). Every individual had at least a 2 log unit increase in pupillary-light-response sensitivity in the injected eye. An 8-year-old patient (CH09) had nearly the same (high) level of light sensitivity as did normal-sighted individuals.
The fi nal level of sensitivity in all patients after injection correlated with age (Spearman correlation coeffi cient (r) -0·80, p=0·002) and baseline sensitivity (0·50, p=0·09; fi gure 3B). In the analysis of correlation between age and the successive reductions from baseline in light intensity, r was -0·61 (p=0·03), suggesting that young individuals are more likely to have step changes in light intensity in the eye injected with AAV2-hRPE65v2. Such changes were not noted in the contralateral non-injected eye. The average change in light sensitivity in the injected eyes was about 2·2 log units in individuals aged 8-11 years (highest change was noted in patient CH09 [3·8 log units]), and about 1·2 log units in those aged 19-44 years (p=0·04 for diff erence in light sensitivity).
Full-fi eld scotopic and photopic electroretinographic responses were fl at in all individuals before and after injection even with the use of fast Fourier analysis. 24 However, multifocal electroretinography could be done in two patients after injection as a result of a reduction in nystagmus. Because of nystagmus, multifocal electro- Figure 1 : Area of retina exposed to adeno-associated virus-mediated delivery of wild-type retinal pigment epithelium (AAV2-hRPE65v2) Column 1 was drawn over composite photographs of a normal retina, and columns 2 and 3 over the baseline and follow-up Goldmann visual fi elds, respectively, in the injected eyes. All follow-up visual fi elds are shown at day 30, except for patients NP01 (4·75 months) and NP02 (2·75 months). Stimuli used to measure Goldmann visual fi elds were V4e (red) and II4e (blue). Scotomas and the natural blind spot are shown in black. *Visual fi eld data from these patients were reported previously 1 but are presented here for completeness. Objective evidence of improvement in pupillary light refl exes (A) Improved pupillary light refl exes-as a function of time after injection and after alternating stimulation of the injected (i, red columns) and non-injected (n, blue columns) eyes-are shown in representative recordings from patients after injection of middle and high doses of the vector. Red and blue curves represent diameters of the right and left pupils, respectively; however, only one pupil is shown for patient NP15 (day 7 after surgery) because the other was atropinised. Recorded light intensity was 0·04 lux for patients NP15 and CH08, 0·4 lux for CH10, and 10·0 lux for CH13. Days after injection are indicated. Alternating stimuli were presented 2 s after recording was initiated. In the panel for patient NP15, each stimulus was presented in 200 ms with 1 s spaces between the fl ashes. In the panels for patients CH08, CH10, and CH13, stimuli were presented in 1 s with 600 ms spaces between the fl ashes. Traces in each panel are shifted vertically to compare responses obtained at diff erent timepoints. Control pupillary light responses (actual pupil diameters) measured in normal-sighted individuals at 4 lux are shown for comparison. (B) Correlation of improvements in full-fi eld sensitivity with age (and baseline retinal sensitivity). The light sensitivities are not shown for patient NP15 because his data were analysed at day 60. The intensity at which the pupillary light response was eliminated from the test eye before injection and at which the relative aff erent pupillary defect developed after injection was identifi ed as the lower limit of sensitivity. The mean and SD of sensitivity of normal-sighted individuals in the age range of the patients is indicated by a blue line and shading, respectively. retinography could only be done at baseline for patient NP15. By contrast, results suggested photopic responses in one part of the injected retina at day 30 and then in several other parts at day 60 (webappendix p 25-26) and day 90 (data not shown). Similarly, tests done after subretinal injection in patient NP04 suggested waveforms in the left part of the retina (fi gure 1) but not in the contralateral (non-injected) retina (fi gure 3). Similar results were noted in the injected retina of patient CH09 at day 365 (data not shown) although the results of the contralateral non-injected eye were not recorded.
Nystagmus results for patients given low-dose gene therapy are presented elsewhere. 20 When patients were tested for their ability to navigate a standardised obstacle course before administration of AAV2-hRPE65v2, 11 of 12 had great diffi culty, especially in dim light, as assessed by the number of errors and time taken. Patient NP04 was not tested at low-light levels. After injection, four children (CH08, CH09, CH10, and NP15) given AAV2-hRPE65v2 had substantial improvement in their ambulation when tested with only the injected eye covered (webappendix pp 20-21 and p 27; webvideos 1-6). They were unable to navigate the course accurately when only their non-injected eye was not covered. These patients could also navigate the course with fewer errors and often more quickly than at baseline with their injected eyes not covered (webappendix p 20-21 and p27; webvideos 1-6).
Discussion
All 12 patients given AAV2-hRPE65v2 in one eye showed improvement in retinal function. The eff ect was stable during follow-up. The results support our hypothesis that the response to subretinal gene therapy depends on the extent of retinal degeneration and, therefore, the age of the patient. 14 Assessment of global retinal function showed clinically meaningful vision in patients. The most noteworthy result was the ability of children to navigate an obstacle course independently and accurately, even in dim light. Objective tests provided quantitative evidence for the improved retinal function and sensitivity in these and other individuals. Pupillometry, a sensitive and robust test that provides quantitative information about the response of the entire retina to light, showed a strong miotic response after illumination of the injected eye (but not the control eye). The improvements in the pupillary responses were easily assessed through measurement of the amplitude and velocity of constriction. 25, 26 There was a stronger pupillary light refl ex after illumination of the injected eye when compared with the non-injected eye (ie, an acquired relative aff erent pupillary defect or Marcus Gunn pupil) as early as 7 days after injection (patient NP15). The gain in light sensitivity in the injected eye was up to 4 log units. Objective measurement of eye movements showed a reduction in nystagmus in most patients after injection of the gene vector. Suppression of nystagmus indicates improvement in fi xation-ie, the ability of the eye to maintain alignment with an object. 27 Most subretinal injections targeted the macula, and by contrast with a patient in another study, 28 there was no change in fi xation (or increase in amplitude of nystagmus). Because of the improvement in nystagmus in our patients, we were able to do multifocal electroretinography in three individuals after injection; a signal was seen in the electroretinographs of all of these patients. Improvement was not seen with full-fi eld fl ash electroretinography because the total area of the treatment zones in all patients was too small to generate a gross electrical response.
Results of subjective tests corroborated the improvements noted with those of objective tests. Visual behaviour in the children-as assessed by the ability to walk-showed substantial improvements after treatment (webvideos 1-6). Six individuals had substantial improvements in standard tests of visual acuity or visual fi elds that could alter their designation as legally blind. We could not fi nd a correlation with dose, baseline vision, or other variables with improvement in visual acuity after treatment. Ultimately, patients may not be able to attain normal acuity (eg, 20/20) because of the amblyopic eff ect of congenital nystagmus that prevents high-resolution central vision as a result of image blur from unsteady fi xation. Although central vision is important for normal activities of daily living, visual acuity represents only a small proportion of total retinal and visual function, so the other features of vision might benefi t when patients are treated with retinal gene therapy.
Increases in the size of the visual fi elds in the injected eyes roughly correlated with the area of the retina covered by the injected genome vector. A greater than predicted increase in the size of the visual fi eld, however, probably resulted from immediate postoperative positioning of the patient. 15 Small shifts in the original retinal detachment in the immediate postoperative period might have contributed to the enlargement of the visual fi elds in individuals with viable retinal cells. Such shifts in the patients with extensive degeneration were unlikely to expand the visual fi elds. Diff usion of the vector into other parts of the retina did not seem to contribute to the enlargement of the visual fi elds as these other parts might have previously undergone complete degeneration. This hypothesis is substantiated by the fi nding that the retinas of older patients had widespread degeneration and improved less.
The injected eyes were more sensitive to light than were the non-injected eyes, which showed no change, during full-fi eld sensitivity testing. The light stimulus in this test is projected externally rather than directed at selected areas of the retina by focal laser, as in microperimetry. 17, 19, 28 Although full-fi eld tests and pupillometry show improvements in only the vectorinjected retinas, a mild bilateral improvement of visual function (eg, visual acuity) was noted in many patients.
See Online for webvideos [1] [2] [3] [4] [5] [6] Although the underlying mechanisms remain to be elucidated, three potential explanations are that, like microperimetry, full-fi eld tests are subjective, and the results might improve because of patient learning eff ect; an improvement in nystagmus after injection of one eye could result in improved resolution of the other eye; 15, 20 and changes in how the visual signal is processed (central nervous system plasticity) might aff ect the visual outcome in the non-injected eye after administration of gene therapy to just one eye. Thus bilateral simultaneous or immediately consecutive treatment of both eyes might have a synergistic eff ect.
Overall, the results of objective and subjective tests support our hypothesis that the greatest improvement in visual function with subretinal gene therapy will occur in young individuals. Although young patients had better visual function at baseline than did older individuals, they also had the greatest overall improvement in vision.
Subretinal gene therapy seemed safe at all administered doses. Treatment with the vector did not elicit local or systemic adverse events. The foveal dehiscence that was apparent during subretinal injection in a patient resolved immediately after surgery and did not seem to be related to the investigational product. We subsequently modifi ed the procedure so that hydrodynamic stress, and therefore the likelihood of, foveal dehiscence, or development of a macular hole was kept to a minimum. We did not note any signs of infl ammation or acute retinal toxicity after injection. However, the presence of PCR-detectable (but nonquantifi able) vector in blood after injection in two patients with widespread retinal degeneration suggests that transient systemic exposure can occur after administration of a high dose or in individuals with widespread outer retinal atrophy. In future studies, we do not plan to use doses higher than 1·5×10¹¹ vector genomes per injection in case we have reached the dose ceiling in terms of potential toxicity.
The clinical benefi ts of subretinal gene therapy were sustained at the 2-year follow-up. The visual recovery noted in the children confi rms the hypothesis that effi cacy will be improved if treatment is applied before retinal degeneration has progressed. Assessment of whether the treatment alters the natural progression of the retinal degeneration will be possible in follow-up studies.
The success of this gene therapy study in children provides the foundation for gene therapy approaches to the treatment of other forms of Leber's congenital amaurosis and of additional early onset retinal diseases.
